Objective: To analyze clinical outcomes and distal segmental aortic growth and aortic reoperation rates following 1-stage open repair of extensive chronic aortic dissection that included resection and graft replacement of the aneurysmal descending thoracic aorta.
Progressive dilation of the thoracic aorta after successful repair of acute type A aortic dissection is not uncommon, and up to 30% of patients require operative intervention on the remaining dissected thoracic aorta in the 5 to 10 years following initial repair. [1] [2] [3] [4] Unrecognized aortic dissection can occur spontaneously or after operations on the coronary arteries or cardiac valves, resulting in aneurysmal dilatation of the dissected thoracic aorta that requires surgical treatment. 5, 6 Retrograde dissection and enlargement of the aortic arch and ascending aorta can also occur in patients who sustain type B aortic dissection.
The optimal method of surgical management of patients who develop substantial enlargement of the remaining ascending aorta, aortic arch and descending thoracic aorta (DTA) after acute dissection has not been clearly established. Options for management include staged procedures, commonly using the elephant trunk technique, hybrid procedures using endovascular grafts to exclude the aneurysmal descending thoracic aortic segments, and 1-stage procedures.
A concern with all of these techniques is the fate of the dissected aorta distal to the site of the graft (stented or unstented) in the DTA and the need for further interventions on this aortic segment. We present here our experience with a 1-stage technique for patients with chronic extensive thoracic aortic dissection, focusing on the clinical outcomes and the distal aortic segmental growth and reoperation rates.
PATIENTS AND METHODS Patient Characteristics
During a 17-year interval ending in December 2011, 68 patients with chronic, extensive thoracic aortic dissection with aneurysmal enlargement underwent 1-stage resection and graft replacement of the ascending aorta, the aortic arch, and varying lengths of the DTA. Sixty-four patients had type A aortic dissection and four had type B dissection. This study was reviewed by the Institutional Review Board of the Missouri Baptist Medical Center and was exempt from Board Approval.
The mean patient age was 58 years (range, 22-81 years), and 72% were men. Fifty-two patients had undergone previous repair of acute type A aortic dissection. A type A dissection developed in 10 patients during or after aortic valve replacement/repair or coronary artery bypass grafting (CABG). Four patients had type B dissection with proximal extension of the dissection into the aortic arch and ascending aorta that was initially managed with medical therapy. The remaining 2 patients had chronic type A dissections that were initially managed without operation. Eight patients (11.8%) had Marfan Syndrome, 1 had Loewys-Dietz syndrome, and 1 had both Loewys-Dietz syndrome and type I Ehlers-Danlos Syndrome.
Among the 62 patients undergoing reoperation, the mean interval between the initial and the 1-stage procedure was 63 months (range, 1.7-265 months). At the time of reoperation, the dissection extended into the abdominal aorta in all but 1 patient. The indications for the 1-stage procedure and the preoperative studies performed have been previously reported. 7 During the study interval, no other technique was employed for extensive aneurysmal dilation of a chronically dissected aorta involving the remaining ascending aorta, the aortic arch, and the DTA. Patients in whom the aneurysmal enlargement extended into the abdominal aorta were treated with staged procedures.
Operative Technique
Our current operative technique has been previously reported. 7, 8 In brief, it involves use of a bilateral anterior thoracotomy through the fourth intercostal space, transverse sternotomy, peripheral venous cannulation through the right common femoral vein using a 2-stage cannula with the tip positioned in the superior vena cava, and cannulation of the right common femoral artery and the right axillary artery. A branched aortic graft is used attaching the 3 adjacent branches end-to-end to the 3 brachiocephalic arteries. 9 This was accomplished in the most recent 42 patients during a brief (mean 13 AE 8 minutes) interval of hypothermic circulatory arrest followed by an interval of hypothermic (20 C-22 C) brain perfusion through the right axillary artery (mean 47.4 AE 6.4 minutes). 9 Cerebral oxygen saturation was monitored during this interval using the Invos Cerebral Oximeter (Somanetics Corp, Troy, Mich).
After completion of the arch anastomoses, the site for attachment of the distal end of the aortic graft to the DTA is selected. This is generally where the diameter of the remaining dissected aorta does not exceed 3.5 to 4.0 cm. A segment of the septum between the true and false lumens is excised to permit perfusion of both channels. Patent intercostal arteries above the seventh intercostal space are ligated. If the aorta is divided below this level, the distal aorta is beveled when feasible to preserve the intercostal arteries. After this anastomosis is completed and air is evacuated from the graft, flow to the lower body is established in the antegrade direction from the axillary artery, and rewarming is initiated.
During rewarming, aortic valve or aortic root replacement and CABG are performed, if indicated. The proximal end of the aortic graft is sutured to the ascending aorta at the level of the aortic commissures, to an existing aortic graft, or to a newly inserted composite graft. Saphenous vein bypass grafts, if present, are anastomosed to the aortic graft.
Extent of Resection and Concomitant Procedures
The remaining ascending aorta, the entire aortic arch, and varying lengths of the DTA were resected and replaced in all patients. The extent of DTA replacement and the concomitant procedures performed are shown in Table 1 .
Follow-up
The mean duration of clinical follow-up of the entire cohort was 5.8 years and extended to 13.7 years. Serial computed tomography scans or magnetic resonance angiographic studies were obtained on all hospital survivors 4 to 6 months postoperatively, and at yearly intervals thereafter. Fifty-one of the 66 hospital survivors (77%), had serial imaging studies suitable for calculation of growth rates of the remaining DTA and abdominal aorta.
Radiographic Analysis
The initial postoperative and final computed tomography or magnetic resonance angiographic images were used to calculate changes in aortic diameter in the remaining DTA or at the level of the aortic hiatus if all of the DTA had been replaced. The largest short-axial diameter of the outer contour of the affected aortic segment was measured. 10 The growth rate was calculated as the difference in maximal diameter between the initial and final measurements divided by the time interval. Scans of the lower abdominal aorta and iliac arteries were not consistently obtained but were evaluated, when available, for growth. All imaging studies were reviewed by at least 1 radiologist and 1 surgeon (N.T.K. or A.K.) The mean duration of follow-up for the imaged patients was 5.3 years and extended to 12.8 years. Twenty-eight patients had radiographic follow-up for >5 years. Follow-up was current to October 2012.
Statistical Analyses
Standard descriptive statistical analyses were used. Continuous data are presented as means AE standard deviation. Categorical data are presented as proportions. Nonparametric estimates of freedom from all-cause death and reoperation were determined by using the Kaplan-Meier method and are reported as means. Data were analyzed in Intercooled Stata 9.2 software (StataCorp, College Station, Tex).
RESULTS

Early Mortality
The hospital and 30-day mortality rates were 2.9% (2 patients). A 71-year old woman with an expanding chronic type A dissection and severe aortic regurgitation after a CABG procedure died in the operating room of biventricular failure. A 47-year old man died on postoperative day 8 after a cardiac arrest. He had repair of an acute type A dissection 9 months previously and required reoperation for severe persisting aortic regurgitation and heart failure combined with progressive enlargement of the aortic arch and descending thoracic aorta. The 1-year mortality rate was 11.8% (8 patients).
In-Hospital Morbidity
The major postoperative complications are shown in Table 2 . The intraoperative mean transfusion requirements were 8.5 AE 4.6 units of packed red blood cells, 7.0 AE 3.8 units of fresh frozen plasma, 4.9 AE 3.0 units of platelets, 
Growth of Distal Aorta
The diameters of the remaining distal thoracic or upper abdominal aorta for the 51 patients with serial imaging studies obtained early postoperatively and at the time of last follow-up are shown in Figure 1 . The overall growth rate for the entire cohort was 0.10 mm/year. Twenty-five patients had zero or negative growth. The growth rate was 0.26 mm/year for the remaining 26 patients. Of 28 patients followed for >5 years, the aortic growth rate was 0.03 mm/year. Twelve of these patients had zero or negative growth rates and the growth rate for the remaining 16 patients was 0.08 mm/year.
Reoperations
Contiguous aorta. Three patients required reoperation on the contiguous thoracic or abdominal aorta distal to the aortic graft for aneurysmal degeneration at 8 months, 34 months, and 6.2 years after the 1-stage procedure. The patient who required reoperation at 8 months had Loewys-Dietz and type 1 Ehlers-Danlos syndromes. She required the one-stage procedure four months after repair of an acute type A aortic dissection. Actuarial freedom from reoperation for aneurysmal growth of the contiguous distal aorta at 5 and 10 years was 96.3% and 93.3%, respectively (Figure 2) . No patient died following reoperation. Other aortic operations. Six other patients required operations on the aorta or its major branches, or on the aortic graft for indications unrelated to aneurysmal growth of the contiguous aorta. Three patients required repair of a false aneurysm at the proximal or distal suture line of the aortic graft, 1 for a false aneurysm of the aortic graft due to erosion, and 2 for infrarenal abdominal and iliac artery aneurysms. All 6 patients survived reoperation. Actuarial freedom from any aortic reoperation at 5 years and 10 years was 88.6% and 82.7%, respectively ( Figure 3 ).
Late Mortality
During the follow-up interval, which extends to 13.7 years, 23 deaths occurred between 2 months and 12 years. The modes of death (in-hospital and late) are summarized in Table 3 . No patient whose cause of death was known died of aortic rupture. Forty-eight patients have been followed for>3 years, 37 for>5 years, and 28 for>7 years. Actuarial survival at 5, 7, and 10 years was 78.2%, 71.2%, and 57.3%, respectively (Figure 4 ).
DISCUSSION
Our extended experience with the one-stage procedure for treatment of extensive chronic aortic dissection with aneurysmal degeneration confined to the thoracic aorta indicates that it is a safe and suitable alternative to the 2-stage procedure. The early mortality (2.9%) does not exceed that reported for the first stage of the 2-stage (elephant-trunk) procedure in 5 large series. [11] [12] [13] [14] [15] The intraoperative transfusion requirements were substantially less than those reported for the first-stage elephant trunk procedure by Safi and colleagues 12 and LeMaire and colleagues. 16 The prevalence of stroke, renal failure, and left recurrent laryngeal nerve injury did not exceed that reported for the first-stage in the 5 referenced series. [11] [12] [13] [14] [15] Spinal cord ischemic injury occurred in 1 patient in our series, whereas no patient developed this complication after the first stage in the 5 large series. An important caveat for these comparisons is that the reports of the 2-stage procedures included patients with other conditions besides chronic aortic dissection, and the outcomes were not stratified for these disorders.
The relatively high prevalence of substantial pulmonary dysfunction and need for tracheostomy has been considered by other groups to be a significant limitation of the 1-stage procedure. [16] [17] [18] It is important to note that the cumulative frequency of these complications has not been thoroughly documented in reports of the 2-stage procedure. The prevalence of tracheostomy was reported in only 1 of the large series and cumulatively was 16.5% for the 2 procedures. 15 In our series it was 14.9%. With increasing experience, the prevalence of major complications including tracheostomy has been substantially reduced ( Figure 5 ). The only exception has been the need for prolonged ventilation.
The role of endovascular stent grafting of the dissected descending thoracic aorta in conjunction with conventional open aortic arch replacement of the ascending aorta and aortic arch (the so-called frozen elephant trunk procedure) has been proposed as an alternative to the 2-stage or 1-stage procedure. 19 A rationale for this approach is to promote thrombosis of the false lumen and eliminate or substantially reduce the need for subsequent interventions on the downstream dissected aorta. Results from several large series of patients in whom this technique has been used have recently been reported. 17, [20] [21] [22] They have shown early mortality rates ranging from 1.4% to 13%, stroke rates of 1% to 6%, and most concerning, spinal cord ischemic injury rates of between 3% and 10%. Renal failure requiring dialysis occurred in 1.4% to 20% of patients, and prolonged ventilatory support was required in 12% to 31% of patients. In the series reporting the lowest mortality and morbidity rates, patients with aneurysms measuring 5 cm or greater were excluded from the frozen elephant trunk procedure. 17 A recent meta-analysis of 1103 patients undergoing a frozen elephant trunk procedure, approximately 82% of whom had aortic dissection, reported a pooled early mortality rate of 9.8% (95% confidence interval [CI], 8.0-11.9), a stroke rate of 6.2% (95% CI, 4.8-8.0), and a spinal cord ischemic injury rate of 7.9% (95% CI, 6.3-9.9). 23 The fate of the distal aorta and the need for subsequent aortic interventions are important considerations in the management of patients following procedures for extensive thoracic aortic dissection. With the 2-stage procedure, a second procedure to manage residual dissected aorta in the distal DTA and abdominal aortic segments is required in virtually all patients. The long-term outcome of patients with aortic dissection after the second stage has not been separately analyzed in the large published series. Follow-up of patients after the stented elephant trunk procedure for chronic aortic dissection is relatively short, and available for large numbers of patients in only a few reports. In the registry study of 8 European centers that implanted the E-vita graft (Jotec, Hechingen, Germany), cumulative freedom from secondary endovascular repair of the distal aorta at 4 years was 69%, and freedom from the need for open surgical repair was 96%. 21 However, the mean follow-up interval was 20 AE 16 months, and only 4 of the original 90 patients were followed for >4 years.
Our extensive follow-up of patents with the 1-stage procedure has demonstrated a low rate of reoperation on the contiguous downstream aorta (6.7% at 10 years) and an extremely low rate of growth of the distal aortic segment (Figure 2 ). These findings indicate that after replacement of the more proximal aneurysmal aortic segments and establishment of flow into both the true and false lumens, distal aneurysm formation is infrequent. Possible explanations for the low rates of growth and aneurysm formation include the stability of the aorta at the distal anastomosis that results from fixation by the aortic prosthetic graft and by a suture line that is buttressed with a strip of felt, as well as maintenance of flow into both the true and false lumens. With stent grafting, internal fixation is often incomplete at the distal end of the stent graft, and complete thrombosis of the false lumen surrounding the stent has not been uniformly observed. This lack of fixation allows for persistent pressurization of the false lumen around the stent graft and is a contributing factor to the high frequency of reinterventions. It remains 1 of the important limitations of this technique. Furthermore, it is likely that the true incidence of complete thrombosis is overestimated because of lack of delayed imaging which is not consistently employed with current radiologic techniques. The findings of our study also suggest that placement of uncovered stent grafts into the distal dissected aorta beyond a covered stent to promote remodeling and elimination of the false lumen in patients with chronic dissection may be unnecessary. 24 
Limitations
Our study is the largest to date to report outcomes associated with repair of chronic thoracic aortic dissection using a 1-stage open technique. However the results must be interpreted within the context of the study design. Observational in nature, the study involved the retrospective review of prospectively collected data in a referral-based tertiary care center. The procedures were performed on a single surgical service and the results may not be generalizable to other surgical centers. Surgical techniques evolved during the 17-year time period of the study. Although followup and imaging studies were not available for all patients, data from 77% of the entire cohort of hospital survivors was available for analysis of distal aortic growth rate.
CONCLUSIONS
Our extended experience has confirmed the feasibility and safety of 1-stage open repair of extensive chronic thoracic aortic dissection. The early mortality and morbidity rates do not exceed those reported for the first stage of the 2-stage procedure or for the stented (''frozen'') elephant trunk procedure in large clinical studies. The prevalence of spinal cord ischemic injury is substantially less than that reported in several large clinical trials of hybrid procedures employing a stented elephant trunk. Substantial growth of the downstream aorta and the need for reoperation on this aortic segment have been infrequent during a followup interval that extends to 13 years. The 1-stage procedure 
